Objectives: To assess the association of whole-grain and (cereal) fibre intake with body mass index (BMI) and with the risk of being overweight (BMIX25) or obese (BMIX30 kg m À2 ). Subjects: A total of 2078 men and 2159 women, aged 55-69 years, were included in the analysis, after exclusion of subjects with diagnosed cancer or deceased within 1 year after baseline or with missing dietary information. Results: We found an inverse association between whole-grain consumption and BMI and risk of overweight and obesity in men as well as women. The association in men was stronger than in women; the risk of being obese as compared to normal weight was 10% (95% CI: 2-16%) and 4% (95% CI: 1-7%) lower for each additional gram of (dry) grain consumption in men and women, respectively. Fibre and cereal fibre intake were inversely associated with BMI in men only. Associations were similar after exclusion of likely under-and overreporters of energy. A retrospective analysis of baseline fibre intake and weight gain after the age of 20 years also showed a slight inverse association. Conclusions: Whole-grain consumption may protect against becoming overweight or obese; however, the cross-sectional design of the study does not allow conclusions about the causality of the association.
Introduction
Overweight and obesity are the result of long-term imbalance between energy intake and energy expenditure. Besides lack of physical activity (energy expenditure), dietary habits (energy intake) are assumed to be the cause of overweight and obesity. Mean body mass index (BMI) as well as the prevalence of overweight (BMI 25-29 kg m
À2
) and obesity (BMIX30 kg m À2 ) are increasing over time, not only in the United States, but also in Europe, although to a somewhat lesser extent. In the Netherlands, about 9% of the adult population is obese (RIVM, 2004) . Persons who are overweight or obese have an increased risk of hypertension, type II diabetes, cancer and other chronic diseases (Anonymous, 1998 (Anonymous, , 2000 . Strategies to improve nutrition and to increase physical activity are important to prevent and force back overweight, thus restricting present and future health-care costs.
One of the strategies to improve nutrition is to increase consumption of whole grains. Whole grains might help in preventing overweight and obesity due to their effect on satiety, although for fibre the evidence for this effect was considered insufficient (Institute of Medicine, 2002 ). Another potential mechanism is to slow down starch digestion and absorption, which may lead to lower glucose and insulin responses, favouring oxidation and lipolysis of fat rather than its storage (Slavin et al., 1999) .
The association between the consumption of whole grains and several diseases has been studied (Jacobs et al., 1998; Jacobs and Gallaher, 2004; McKeown, 2004; Merchant et al., 2006) , but thus far only few studies have reported on the association between whole-grain intake and BMI (McKeown et al., 2002; Koh-Banerjee and Rimm, 2003; Steffen et al., 2003) and (changes in) whole-grain intake and weight gain (Liu et al., 2003; Steffen et al., 2003; Koh-Banerjee et al., 2004; Bazzano et al., 2005) and dietary fibre intake and body weight (Slavin, 2005) .
We have assessed the association between the consumption of whole-grain foods and dietary fibre and BMI as well as overweight and obesity in the population of the Netherlands Cohort Study (NLCS), both in a cross-sectional setting and in a prospective setting in a smaller sample.
Population and methods

Population
The NLCS was initiated in 1986 among more than 120 000 Dutch men and women aged 55-69 years, derived from a random sample from municipal population registries across the country (van den Brandt et al., 1990) . The study was originally designed to assess the relation between dietary habits and cancer. The NLCS is designed as a case-cohort study; questionnaires were processed for all cases plus a random sample of 5000 subjects drawn from the total cohort at baseline (the subcohort). The cross-sectional study presented in this paper is based on the baseline data of the subcohort. For data analysis, we excluded cases with prevalent cancer at baseline, cancer diagnosed or deceased within 1 year after baseline, subjects with missing information on weight or height or with incomplete or inconsistent dietary questionnaires (Goldbohm et al., 1994) . The remaining subcohort comprised 4237 subjects (2078 men, 2159 women).
The reproducibility of the self-administered questionnaire was determined from five annually repeated questionnaire administrations in independent random samples from the subcohort of about 300 subjects each. The data from the reproducibility study (Goldbohm et al., 1995) were used to calculate changes in BMI and changes in diet between the two measurements. The entire reproducibility data set contains 1546 men and women. For this prospective analysis, we additionally excluded subjects deceased between the first year after baseline and the first year after completing the repeated questionnaire. The remaining sample from the reproducibility study contained 1257 subjects (50% women, 50% men).
Food-frequency questionnaire
At baseline, the participants completed an extensive selfadministered questionnaire on dietary habits and other risk factors for cancer, such as height, weight, smoking habits, physical activity, medical history and so on. The 150-item semi-quantitative food-frequency section concentrated on habitual consumption during the preceding year and has been validated against a 9-day diet record (Goldbohm et al., 1994) . In this validation study, the Pearson correlation coefficient for dietary fibre (both unadjusted and adjusted for energy and sex) was 0.74. The individual frequencies and serving sizes of the food items were recalculated into mean daily intake (g day À1 ) for each subject. For the data analyses, several exposure variables were created. The variable 'All grain' was calculated as the sum score of the food items: bran, wheat germs, muesli, porridge (oats or whole wheat), brown rice and cooked grains (for example, millet, buckwheat and so on). Porridge, brown rice and cooked grains were recalculated as the dry product to prevent unbalanced weighting to the sum score. The variable 'Whole grain' differs from the variable 'All grain' in not including bran and wheat germs. The variable 'Total brown bread' is the sum score of brown, wholemeal and rye bread. Brown bread is made of a mixture of wholemeal flour and white flour. Although not strictly considered as wholemeal bread, brown bread was added to this variable, since respondents do not always know the difference between the two types of bread. Besides these composite variables, four fibre variables are included in the data analysis: 'total fibre' and 'fibre from grain', both expressed as grams per day and as grams per MJ (that is, fibre density).
Outcome variables
At baseline, the following self-reported variables were available: height, weight and weight at age 20 years. As dependent variables for the statistical analysis, BMI (continuous), overweight and obesity as categorical variables (BMIX25 and BMIX30 kg m
À2
) and the change in BMI between the age of 20 years and baseline (continuous) were used. In the reproducibility data set, change in BMI (continuous) between the two measurements was calculated. To account for different time intervals between baseline and repeated measurement, the change in BMI was divided by the length of the interval in years, resulting in change in BMI per year.
Statistical analysis
Descriptive data for all variables were calculated. The analyses were performed for men and women separately. For the analysis with continuous outcome variables, multivariate regression (least squares) was employed, adjusting for potential confounders in several steps. For the analyses with categorical outcome variables, logistic regression was used to estimate odds ratios (ORs). A 10% change in the regression coefficient was taken as a cutoff point to determine whether in this population a potential confounder indeed had a confounding effect. If so, these variables were included in the full models. To enhance comparability, a fixed set of confounding variables was used for all data analyses, both for men and women. In the regression analysis of change in BMI on change in intake, the association was additionally adjusted for the baseline levels of these variables.
We considered the following potential confounders: age; smoking (yes/no) and number of cigarettes/day for current smokers; physical activity (based on leisure time and for men additionally based on occupation at baseline); education (four classes); other dietary variables, that is, intake of energy, nutrients (animal and vegetable protein, fats and carbohydrates), alcohol, and consumption of vegetables and fruit; dieting and eating behaviour; disease history. The final set of confounders in the multivariate analysis included age, energy intake, intake of animal protein, education, smoking status, number of cigarettes and consumption of fruit and vegetables.
To assess impact of under-and overreporting of energy intake on the investigated associations, we conducted sensitivity analyses excluding the most likely under-and overreporters in the data set. We used the regression equations published by the Institute of Medicine (IoM) (Institute of Medicine, 2002; Huang et al., 2005) to predict energy requirement, based on sex, age, height, weight and physical activity level. Different equations are used for subjects under and over BMI 25 (kg m
À2
). On the basis of the available (nonoccupational) physical activity variable, each subject was assigned to one of three activity levels used in the IoM equations as follows: o30, 30-60 and 460 min day À1 in levels 1, 2 and 3, respectively. Reported energy intake was adjusted with a factor of 100/86, to account for the incomplete listing of all available foods on the foodfrequency questionnaire. This factor was based on the mean difference in energy intake between the 9-day dietary record and the food-frequency questionnaire in the validation study (Goldbohm et al., 1994) . The ratio of reported intake over predicted requirement (rEI/pER) was used to test several cutoff levels. We used the cutoff level, where R 2 between rEI and pER was 20%, corresponding to an accepted range of the ratio of 78-128% in both men and women. Approximately 75% of the population had energy intakes thus considered acceptable. This percentage was slightly lower in obese (but not in overweight) subjects, that is 66% of obese men and women had acceptable energy intakes. Two-sided 5% significance levels were used throughout the paper. All analyses were done in SAS (version 8).
Results
In Table 1 , the characteristics of the study population are presented per sex and category of BMI. About 47% of the men and 44% of the women were overweight or obese, but the percentage of obese women (9%) was much higher than that of men (4%). The mean age in the different BMI categories was comparable. A tendency of higher protein intake, lower carbohydrate intake (in men), lower alcohol intake (in women) and a decrease in percentage smokers (in men) over the successive BMI categories was seen. More subjects suffered from cardiovascular disease, hypertension, diabetes and gallstones (women only) in the higher BMI categories, whereas the percentage of subjects suffering from intestinal disorders was lower. As expected, more subjects in the high BMI classes reported to have followed a (energyrestricted) diet in the past 5 years.
Both in men and women, whole-grain consumption consistently decreased over increasing BMI categories. The proportion consumers of whole-grain foods decreased from 40 to 24% in men and from 47 to 32% in women, while the amount of whole-grain foods consumed by them decreased likewise. No consistent trend was observed for the amount of brown bread, which was consumed by more than 90% of the population. Dietary fibre intake was only slightly lower in overweight and obese men.
In Table 2 , the results of the linear regression analyses performed in the baseline data (cross-sectional) are presented, with BMI as a continuous variable. For men, statistically significant inverse associations were observed between the whole-grain variables as well as fibre intake and BMI in the age-adjusted model, the age-and energy-adjusted model (results not shown) and in the multivariate model. The fibre variables were more strongly inversely associated with BMI in the multivariate model. The consumption of brown bread was not significantly associated with BMI. In women, inverse associations for the whole-grain variables were observed both in the age-and multivariate-adjusted models. The consumption of brown bread was significantly positively associated with a higher BMI only after multivariate adjustment and no associations were found for fibre or fibre from grain or their densities. Both in men and women it was estimated that a 1 g day À1 higher intake of dry whole grains was associated with a 0.03 kg m À2 lower BMI; a decrease of 1 unit BMI thus corresponds to a 33 g day À1 increase in dry whole grain. When the analyses for the grain variables were repeated for the consumers of those foods only (575 men and 769 women), the results were comparable with the results presented in Table 2 . The exclusion of subjects who reported digestive diseases (283 men and 174 women), gallstones (107 men and 303 women) and subjects who reported to have followed a dietary regimen in the 5 years prior to the baseline measurement (354 men and 449 women), had only minor impact on the results (not shown). After exclusion of likely under-and overreporters of energy (that is, subjects with a ratio rEI/pER o72 or 4128%), the associations of BMI with the grain variables were unchanged. The associations with fibre and fibre from grain became slightly more inverse in men (b: À0.05, 95% confidence interval (CI): À0.07, À0.03), but were unchanged in women. Associations with fibre densities became more inverse (men) or less positive (women), due to a change in the association between energy intake and BMI in a positive direction.
The results for overweight and obesity according to categories of BMI are presented in Table 3 . For men, a high intake of whole grain was associated with a lower risk of being obese or overweight. The associations between all fibre intake variables and overweight were statistically significant inverse. Even stronger, but, due to the small number of obese men, not statistically significant inverse associations were observed between fibre intake and the risk of being obese. No association was observed between the consumption of brown bread and the risk of being obese or overweight. In women, a high consumption of whole-grain products was associated with a lower risk of being overweight or obese. A high intake of brown bread and fibre was associated with a higher risk of being obese.
Results after exclusion of likely under-and overreporters of energy were entirely in agreement with those described for the linear regression analyses.
We also conducted regression analysis on the change in BMI between age 20 years and baseline as the dependent and the dietary variables at baseline as independent variables, considering that the change in BMI during adult life is the result of eating habits during adult life, which are assessed by the baseline dietary questionnaire. In men, inverse associations between the exposure variables and BMI were found. One additional gram of fibre per day was associated with a 0.05 kg m À2 smaller BMI increase in the period between the age of 20 years and the baseline measurement at age 55-69 years. The direction and magnitude of the regression coefficients were comparable to the results shown in Table 2 . Only in women, the estimates for the fibre density variables ), respectively. In the subjects with repeated measurements, the change (s.d.) in body weight between the repeated measurement and the baseline was 0.1 (2.3) kg and 0 (1.7) kg per year for men and women, respectively. This corresponded to a change in BMI per year of 0.1 (0.8) kg m À2 in men and 0.0 (0.8) kg m À2 in women. Between the two measurements, energy intake decreased by 312 (1575) kJ in men and 213 (1325) kJ in women. Fibre intake did not change on average, whereas vegetable consumption decreased and fruit consumption increased. No association was observed between the baseline values of the exposure variables and the change in BMI between repeated measurements and baseline (data not shown). Changes in fibre intake were not associated with a change in BMI either.
Discussion
We investigated the association between the consumption of whole-grain foods and dietary fibre and BMI in the population of the Netherlands Cohort Study. The cross-sectional analyses in the data collected at baseline indicated that men with a relatively high intake of whole-grain products or fibre had a lower BMI and less overweight and obesity. In women, an inverse association was observed for whole grain only and a positive association for brown bread. Overall, the results for men are more consistent than those for women. In men, the grain and, less pronounced, fibre variables except total brown bread, showed an inverse association with BMI. Surprisingly, in women, the fibre density variables tended to be positively associated with BMI. It is known that obese persons tend to underreport energy intake and overestimate healthy behaviour (Lichtman et al., 1992) and nutrient density (Livingstone and Black, 2003) . It is therefore possible that women more often than men underreport the energy-containing foods and possibly overreport fibre intake. From Table 1 , it can be seen that overweight and obese women indeed reported lower energy intake. However, the results of the analyses excluding the most likely under-and overreporters of energy were very similar, in particular for the whole-grain variables. The exclusion did have an effect in the anticipated direction on the association between energy intake and BMI in the multivariate models: in both sexes, a positive association was observed, whereas the direction of the association was inverse for women in the complete group, indicating differential underreporting of energy intake.
Although differential underreporting can bias the results of our analysis, in particular for dietary fibre and fibre density, we think that the results for whole-grain foods were much less susceptible to such biases. The assessment of consumption of whole-grain foods was more qualitative than quantitative and considering the special nature of these foods, it seems very unlikely that overweight persons would underreport such foods. This theory is supported by the results of the sensitivity analysis excluding under-and overreporters. We think therefore that the inverse association between whole-grain consumption and BMI is real.
The prospective analysis that we performed was hampered by the relatively small time interval (varying between 1 and 5 years) and therefore small changes in BMI between the two measurements. As weight measurements are subject to shortterm variations and self-report increases inaccuracy even more, the measurement error of the change in BMI is large compared to the true changes in BMI, resulting in a small signal-to-noise ratio. This may well explain the absence of a longitudinal association between grain variables and change in BMI.
A limitation of the study is the self-reported height and weight, resulting in non-differential and probably also differential misclassification according to BMI. Both would result in underestimation of the true association. The same is true for the majority of studies published to date.
Although we adjusted in the analysis for many potential confounders, we cannot exclude the possibility of residual confounding, in particular by determinants of a healthy lifestyle or attitudes that are not captured by the measured covariates. This is a drawback of all observational studies, which can only be overcome by randomized controlled intervention studies.
In the tables, we have expressed the change in BMI and the risk of being overweight or obese per increment of 1 g of grains or fibre. Men with a 10-g higher intake of dry grains have a 0.34 kg m À2 lower BMI. For fibre and fibre from grains, men with a 10-g higher intake have a 0.38 kg m À2 lower BMI.
This seem to be relatively weak associations. However, the logistic regression demonstrated that the risk of being obese as compared to normal weight was 10% lower for each additional gram of (dry) whole-grain consumption. In women, this risk was 4% lower. One serving of cooked grain (1/2 cup) per day, corresponding to 1 ounce ( ¼ 28.3 g) dry grain according to the USDA Food Guide Pyramid (www. mypyramid.com), corresponds to ORs (95% CI) for overweight of 0.51 (0.36-0.73) in men and 0.55 (0.36-0.83) in women; ORs (95% CI) for obesity are 0.06 (0.01-0.53) in men and 0.32 (0.12-0.85) in women for the same amount of whole grain. A limited number of studies, mostly from North America, have investigated the association between intake of wholegrain products in relation to BMI or body weight. In two cross-sectional studies an inverse association was observed between whole-grain intake and measured BMI (McKeown et al., 2002; Steffen et al., 2003) . In large prospective studies, a consistent inverse association between whole-grain consumption and self-reported weight gain was reported in women (Liu et al., 2003) and men (Koh-Banerjee et al., 2004) . In a prospective study among male physicians, consumption of breakfast cereals was inversely associated with selfreported weight gain (Bazzano et al., 2005) . These results correspond to our cross-sectional findings in both men and women.
With respect to dietary fibre, we found an inverse association between fibre intake and BMI in men only. Slavin (2005) summarized the evidence on the association between dietary fibre intake and body weight. Most crosssectional studies found an inverse association between fibre intake and body weight, which was confirmed by the few available longitudinal studies (Liu et al., 2003; Ludwig et al., 1999) . More recent cross-sectional studies not included in the review by Slavin and conducted in France (Lairon et al., 2005) and Spain (Bes-Rastrollo et al., 2006) also observed inverse associations between fibre intake and BMI.
Whole grains might help in preventing overweight and obesity due to their effect on satiety, although evidence for this effect was considered insufficient for fibre (Institute of Medicine, 2002) . Another potential mechanism is to slow down starch digestion and absorption, which leads to lower glucose and insulin responses that favour oxidation and lipolysis of fat rather than its storage (Slavin et al., 1999) . Diets rich in whole-grain products have a low glycaemic index (GI) (Jenkins et al., 1986 (Jenkins et al., , 1988 . Several studies have investigated the effect of low compared to high glycaemic diets on weight gain or reduction (reviewed in Ludwig, 2002) . Short-term studies in humans showed lower satiety, increased hunger or higher voluntary food intake in subjects consuming high compared to low GI meals (Ludwig, 2002; Roberts et al., 2002) . Weight loss in obese hyperinsulinaemic women was higher in those consuming an energy restricted low compared to high glycaemic diet for 12 weeks (Slabber et al., 1994) , and in men lower adiposity was found after consumption of an energy-restricted low glycaemic diet for 5 weeks (Bouche et al., 2002) . Although these were all shortterm findings in mostly obese subjects, this mechanism may play a role in normal subjects to maintain normal weight over a longer period.
The lack of inverse associations between brown bread consumption and BMI in our study agrees with the lowglycaemic load explanation. Wholemeal bread does not appear to have a lower GI than white bread (GI of 70 relative to glucose), despite its much higher fibre content (FosterPowell et al., 2002) . This is due to the absence of whole-grain kernels in bread (Jenkins et al., 1988) ; actually, in the majority of Dutch wholemeal or brown breads, the fibrerich fraction is added back to the white flour after removal of the germs to prolong shelf life. The whole-grain products eaten by our population, in contrast, have a GI varying between 40 and 60. As brown bread contributes substantially to the fibre intake in this population, this may also explain the deviating associations observed for fibre intake in this population.
In conclusion, the results of this study in a healthy middleaged population in the Netherlands indicate that men and women with a high intake of whole grains have a lower BMI and a lower risk of overweight and obesity than men or women with a low intake of whole grains. The crosssectional design of the study does not allow conclusions about the causality of the associations. Nevertheless, the consistency of the association between whole-grain consumption and BMI and its biological plausibility are in line with a causal association. Intervention studies are needed to find out whether consumption of whole grain as such decreases the risk of becoming overweight. The results for dietary fibre and wholemeal bread were less clear. This may be due to methodological problems in dietary and BMI assessments, residual confounding, physiological reasons or a combination of these factors.
